The kinetic properties of two classical inhibitors of aspartic proteases (PRs), pepstatin A and acetyl-pepstatin, were compared in their interactions with HIV-1 and xenotropic murine leukemia virus related virus (XMRV) PRs. Both compounds are substantially weaker inhibitors of XMRV PR than of HIV-1 PR. Previous kinetic and structural studies characterized HIV-1 PR-acetyl-pepstatin and XMRV PR-pepstatin A complexes and suggested dramatically different binding modes. Interaction energies were calculated for the possible binding modes and suggested a strong preference for the one-inhibitor binding mode for HIV-1 PR-acetylpepstatin and the two-inhibitor binding mode for XMRV PR-pepstatin A interactions. Comparison of the molecular models suggested that in the case of XMRV PR the relatively unfavorable interactions at S3¢ and the favorable interactions at S4 and S4¢ sites with the statine residues may shift the ground state binding towards the two-inhibitor binding mode, whereas the single molecule ground state binding of statines to the HIV-1 PR appear to be more favorable. The preferred single molecular binding to HIV-1 PR allows the formation of the transition state complex, represented by substantially better binding constants. Intriguingly, the crystal structure of the complex of acetyl-pepstatin with XMRV PR has shown a mixed type of binding: the unusual binding mode of two molecules of the inhibitor to the enzyme, in a mode very similar to the previously determined complex with pepstatin A, together with the classical binding mode found for HIV-1 PR. The structure is thus in good agreement with the very similar interaction energies calculated for the two types of binding.
Introduction
The proteolytic enzyme (PR) of HIV-1 was recognized as a potential drug target almost a quarter of a century ago [1] . A number of its inhibitors have been synthesized, tested and further developed, and currently nine PR inhibitors out of 26 accepted antiretroviral agents are available in clinical practice [2, 3] . Since the discovery of pathogenic human retroviruses, starting with human T-lymphotropic virus type 1 [4] , several other retroviruses were also implicated as possible disease agents in humans. The most recent human retrovirus postulated to be associated with two distinct pathologies is the xenotropic murine leukemia virus related virus (XMRV). Following extensive controversies (reviewed recently by Groom and Bishop) [5] , it was recently reported that XMRV may have been created by passaging human tumors in mice [6] and it is no longer considered to be a causative agent of human disease. However, the genome of XMRV, including the segment encoding its PR, is highly similar to that of murine leukemia virus (MLV, Fig. 1 ). Given the widespread use of MLV in gene transfer experiments as well as the only limited amount of structural information on MLV PR, studies of XMRV and the proteins that it encodes are highly justified. Sequence identity between MLV and XMRV PRs is 98%, with 123 out of 125 amino acid residues being identical ( Fig. 1 ) and the differing two residues not involved in substrate binding. Multiple sequence alignment of retroviral PRs has been performed previously by Eizert et al. [7] . Sequence identity between HIV-1 and MLV PRs was found to be 24%, similarity was 41%, whereas residues involved in substrate binding showed 40% identity and 50% similarity [7] (Fig. 1) . While HIV-1 and XMRV PRs are structurally similar and their crystal structures superimpose well ( Fig. 2A) , their mode of dimerization shows substantial differences. The dimer interface region of XMRV PR contains two hairpins which are formed by b-strands located near the C-terminal end of both monomers [8] (Fig. 2B) . The dimer interface of HIV-1 PR is also formed by four antiparallel b-strands, but the outer strands are located at the N-terminal ends of the monomers and the inner strands are formed by the C-terminal b-strands of the monomers [8] (Fig. 2B) . Based on the structure of the dimer interface region, XMRV PR shows higher similarity to the eukaryotic protein Ddi1 than to other retropepsins [8] . A number of known inhibitors of aspartic PRs were tested for their inhibitory properties against HIV-1 PR as soon as this enzyme was first isolated. One of the first ones was pepstatin A (Fig. 3A) , a general inhibitor of nearly all known aspartic PRs, which was found to be a rather weak inhibitor of the retroviral enzyme [9] [10] [11] . Another statine-containing compound, acetylpepstatin (Fig. 3B) , was subsequently described as a substantially more potent inhibitor of the HIV-1 PR, and the pH dependence of the binding was also demonstrated [12] . The crystal structure of HIV-1 PR complexed with acetyl-pepstatin [13] was published shortly after the publication of the first ever structure of HIV-1 PR with a bound inhibitor [14] .
The crystal structure of the unliganded XMRV PR was determined soon after XMRV was postulated to be a potentially harmful human retrovirus [8] . This structure was quickly followed by the crystal structures of several PR-inhibitor complexes, including a complex with pepstatin A [15] . Surprisingly, pepstatin A bound to the enzyme in a unique way that was not only very different from the way it bound to HIV-1 PR [13] , but also distinct from the mode of binding of other inhibitors to XMRV PR [15] . The binding modes of the statine-containing inhibitors to XMRV and HIV-1 PRs are shown schematically in Fig. 3C . The observed unique binding mode of pepstatin A to XMRV PR raised a question whether acetyl-pepstatin, a more potent inhibitor of retroviral enzymes, would bind in a typical way, or whether it would bind in the same way as pepstatin A, from which it differs only by the substitution of an isovarelyl group by an acetyl. In order to answer these questions we compared the kinetics of inhibition of HIV-1 and XMRV PRs by both pepstatin A and acetyl-pepstatin and determined the crystal structure of the complex of the latter inhibitor with XMRV PR. Another reported feature of XMRV PR which differentiated it from other known retroviral PRs was its unique dimer interface [8] which did not involve interpenetrating strands from both termini. In order to correlate the mode of dimerization with other properties of the enzyme, dimerization of XMRV PR was investigated here by kinetic methods.
Results
Inhibition of XMRV and HIV-1 PRs by pepstatin A and acetyl-pepstatin
Our previous study indicated that pepstatin A is only a very weak inhibitor of XMRV PR [15] ( Table 1) and its apparent K i value was in the range of the K m values determined for MLV PR [16] . As acetyl-pepstatin was found to be a more potent inhibitor of HIV-1 PR than pepstatin A [12] , we compared the inhibition of XMRV PR by these two compounds and also determined the K i values for HIV-1 PR (Table 1) . Acetylpepstatin has been described as a weak inhibitor of MLV PR, although its K i was not determined [17] . Whereas acetyl-pepstatin was a stronger inhibitor for both PRs, the apparent K i values were substantially lower for the HIV-1 PR than for XMRV PR. The inhibition of HIV-1 PR by both inhibitors in the nanomolar concentration range is in good agreement with their mode of action as transition state analogs. Such a mode of inhibition of HIV-1 PR was previously verified by the crystal structure with acetyl-pepstatin [13] . On the other hand, pepstatin A was earlier found to bind in a unique way to XMRV PR, with two inhibitor molecules binding to the enzyme, leaving the catalytic water in place [15] . Although acetyl-pepstatin is a better inhibitor of XMRV PR than pepstatin A, it is still a comparatively weak inhibitor, and it is thus not surprising that the unusual mode of binding to the enzyme was also observed in this case (see below). The relatively stronger inhibition of XMRV PR with acetyl-pepstatin compared with that with pepstatin A was also verified using a recombinant protein substrate. Compared with the high ionic strength condition utilized for the HPLC assays, under this low ionic strength condition 3 lM acetyl-pepstatin was required for 50% inhibition of protein cleavage compared with 28 lM pepstatin A (Fig. 4) .
Calculated interaction energies for the binding of acetyl-pepstatin and pepstatin A
Energy calculations were performed in an attempt to evaluate the enzyme-inhibitor interactions and to explain the preferences for the binding of pepstatin A and acetyl-pepstatin to HIV-1 and XMRV PRs. Two binding modes were studied (Fig. 5 ): in the first one a single inhibitor bound to the enzyme was modeled, as found in the HIV-1 PR ⁄ acetyl-pepstatin crystal structure [13] , whereas in the second binding mode two molecules were simultaneously bound to the enzyme in a head-to-head manner, as found in the XMRV PR ⁄ pepstatin A crystal structure [15] . A single molecule of acetyl-pepstatin acts as a transition state analog in the case of HIV-1 PR, where the hydroxyl group of the central statine (Sta) residue is placed between the catalytic aspartates, replacing the catalytic water mole- Table 1 . Inhibition and dimerization constants for XMRV and HIV-1 PRs. K i values were determined by using an HPLC-based assay utilizing RSLLYflPALTP and VSQNYflPIVQ as substrates for XMRV and HIV-1 PRs, respectively, as described in Materials and methods. The K dapp value for XMRV PR was determined using KARVNleflF(NO 2 )EAL-NH 2 substrate in 200 mM Mes, 200 mM Tris, 100 mM sodium acetate buffer (pH 5.0) in the presence of 2 M NaCl, using an HPLC assay. cule [13] . In the case of pepstatin A binding to XMRV PR, neither of the two inhibitor molecules bound to the enzyme could act as a transition state analog [15] . Pepstatin A and acetyl-pepstatin molecules differ only in their N-terminal residue (Fig. 3) . Interaction energies were calculated for both binding modes of these inhibitors to the enzymes (Table 2) . Calculated individual subsite interaction energies showed significant differences for the two inhibitors only at the subsites where the acetyl (Ace) or isovaleryl (Iva) groups were interacting (Table 3) . Our results showed that binding of the larger isovaleryl group of pepstatin A resulted in higher interaction energy than the binding of the smaller acetyl group of acetyl-pepstatin in all investigated binding modes (Table 3) , in good agreement with the generally hydrophobic nature of the enzymeligand interactions. In contrast, the enzyme kinetic studies showed a higher inhibitory potential of acetylpepstatin on both PRs, compared with that of pepstatin A. Therefore, the better binding of acetyl-pepstatin to the retroviral PRs compared with that of pepstatin A cannot be explained by considering only the interaction energies. In contrast, simulation of the binding of two pepstatin A molecules to XMRV PR resulted in substantially higher enzyme-inhibitor interaction energy compared with that of one molecule, whereas the preference for single inhibitor binding was observed for HIV-1 PR (Table 2) . A preference for two-inhibitor binding of XMRV PR was seen only in the case of pepstatin A, whereas simulation of binding of acetyl-pepstatin resulted in approximately the same interaction energies in the different binding modes (Table 2) . Individual inspection of the subsite residue interactions together with previous comparative specificity studies on HIV-1 and MLV PRs provided a rationale for the different preference of the two enzymes. It should be noted that, based on the high sequence identity of XMRV and MLV PRs and the identical substrate binding subsite compositions, the specificity of the two enzymes is expected to be identical. The subsite preferences were The size of the substrate binding pockets below the dotted lines complements the size of the most preferred residues [7] ; dashed lines for the S4 subsites indicate that these pockets are less defined than the other ones [7] . Relatively preferred side-chain-subsite interactions are indicated by green arrows and the non-preferred ones by red arrows. determined earlier for MLV PR in comparison with the HIV-1 (and other) PRs [7, 18, 19] . The mainly hydrophobic character of the substrate binding sites is preserved in both MLV (XMRV) and HIV-1 PRs. However, differences in substrate specificity were described and are expected to be the consequence of different subsite-forming residues [8] . The S1 subsite of both MLV and HIV-1 PRs is large and showed a preference for aromatic residues [7] ; therefore, together with S1¢, it does not contribute to the differential binding mode of the inhibitors: a given residue at P1 or P1¢ (Sta, Iva or Ace) provided similar interaction energies for both enzymes. However, HIV-1 PR showed a preference for small hydrophobic or even polar residues at the S2 subsite, whereas MLV preferred to bind large hydrophobic residues [19] , in good agreement with its larger subsite [7] . In both inhibitor binding modes a Val residue occupied the S2 subsite, whereas either an Ala or Val residue occupied subsite S2¢, providing similar interaction energies for both enzymes (Table 3) . Unlike the S2 (and S2¢ subsites), the S3 ⁄ S3¢ binding sites of MLV PR are smaller than the respective ones in HIV-1 PR and the average volume of the preferred P3 residues was also found to be larger for HIV-1 PR compared with that for MLV PR [7] . In both binding modes the S3 subsite is occupied by a Val residue, whereas the S3¢ subsite is occupied either by a Val (two-inhibitor binding mode) or by a bulkier Sta residue. In good agreement with the pocket sizes, the Sta6-S3¢ interaction is much more favorable in the case of the HIV-1 PR compared with that of XMRV PR, favoring the single binding mode ( Table 3 ). The S4 ⁄ S4¢ interactions also appear to substantially contribute to the different preferred binding mode of the inhibitors to the two PRs. The large hydrophobic S4 ⁄ S4¢ sites of MLV prefer to bind hydrophobic bulky residues [19] and the mean cavity volume of the S4 ⁄ S4¢ sites of MLV PR is substantially larger than that of HIV-1 PR [7] which allows for Sta4 residues to fill the S4 ⁄ S4¢ sites in the case of simultaneous binding of pepstatin A or acetyl-pepstatin molecules. Therefore, the binding of the bulky Sta4 residues at the S4 ⁄ S4¢ sites is relatively less favored for HIV-1 PR, with the difference confirmed by the lower calculated interaction energies at S4 ⁄ S4¢ subsites compared with those with XMRV PR (Table 3) . It is of interest to note that, whereas the two-inhibitor binding mode for XMRV PR-pepstatin A is clearly favored energetically, for the XMRV PR-acetyl-pepstatin interaction simulation of the two binding modes provided very similar interaction energies, due to the substantially lower S1-P1 and S1¢-P1¢ interactions provided by the acetyl groups compared with the isovaleryl ones of pepstatin A.
Crystal structure of the complex of XMRV PR and acetyl-pepstatin
Crystals of the complex of XMRV PR with acetyl-pepstatin are isomorphous with the previously described crystals of three other inhibitor complexes of this enzyme [15] . The crystals belong to the orthorhombic space group P2 1 2 1 2 1 and contain a protein dimer in the asymmetric unit. The statistics of data collection and refinement at 2.0 Å resolution are listed in Table 4 . The conformation of the protein is almost identical in the complexes of XMRV PR with acetyl- Modeling of the mode of binding of acetyl-pepstatin to XMRV PR was not straightforward. The presence of only very weak electron density near the catalytic aspartates and the length of the electron densities attributable to the inhibitors suggested that the mode of binding should be similar to that of pepstatin A, namely with two molecules binding head-to-head, with the outermost parts disordered. However, when this model was refined it resulted in significant residual electron density that could be explained by the 'standard' mode of binding that would involve only a single molecule. The model that appears to agree best with the final electron density involves two molecules bound as in pepstatin A, with half occupancy each, overlaid by a third molecule in a 'standard' conformation, also half occupied (Fig. 6) . The molecule that spans the active site appears to have a preferred orientation, although some small remaining density suggests a possibility of its slight disorder. The rmsd of all the common atoms of pepstatin A and acetyl-pepstatin that are modeled in the same orientation is 0.21 Å for inhibitor J and 0.35 Å for those in inhibitor M. These differences are comparable to the errors in the atomic positions expected in the structures at comparable resolution.
Dimerization of XMRV and HIV-1 PRs
The apparent K d value for the XMRV PR was found to be 115 nM ( Table 1 ), whereas that of HIV-1 PR determined using the same substrate and the HPLC method was found to be dramatically lower at 1.0 nM. This value for HIV-1 PR is in good agreement with the photometric assay value, where it was found to be below the detection limit of the assay (< 5 nM [20] or < 0.37 nM [21] , with different substrates and detection methods). It is of interest to note that another PR having extended terminal regions, such as HTLV-1 PR, also showed substantially higher K d (491 nM) [16] . Stability of the dimer was also assessed by measuring urea denaturation, in a manner previously applied for several HIV-1 PR mutants [22] . While the urea dissociation constant (UD 50 ) value for HIV-1 PR is similar to a The highest resolution shell is shown in parentheses. the value previously determined using photometric [22] or HPLC [21] detection, XMRV PR appeared to be substantially more sensitive to urea concentrations, in good agreement with its higher K d value (Table 1 , Fig. 7 ).
Discussion
Acetyl-pepstatin was found to be a stronger inhibitor than pepstatin A for both HIV-1 and XMRV PRs, but, in general, the apparent K i values were substantially lower for the HIV-1 PR than for XMRV PR. Although acetyl-pepstatin is a better inhibitor of XMRV PR than pepstatin A, it is still a comparatively weak inhibitor, as also indicated by the mixed mode of its binding. The relatively stronger inhibition of XMRV PR with acetyl-pepstatin compared with that with pepstatin A was also verified using a recombinant protein substrate. Under the low ionic strength conditions 3 lM acetyl-pepstatin was required for 50% inhibition of protein cleavage compared with 28 lM pepstatin A. In spite of the substantially higher calculated interaction energy of the real two-inhibitor bound acetylpepstatin ⁄ XMRV PR complex ()124.3 kcalAEmol )1 ) compared with that of single-inhibitor bound HIV-1 PR ()112.6 kcalAEmol )1 ), the inhibitor is substantially more potent against HIV-1 PR (Table 1 ). The energy calculation can account for only the enzyme-ligand interactions, while the transition state binding mode of HIV-1 PR complex utilizes the energy of the transition state.
The relatively unfavorable Sta6-S3¢ interactions between the statines and XMRV PR and the favorable Sta4-S4 and Sta4-S4¢ interactions may shift the ground state binding towards the two-inhibitor binding mode, whereas the single molecule ground state binding of statines to the HIV-1 PR appears to be more favorable. The preferred binding mode of a single inhibitor molecule to HIV-1 PR allows formation of the transition state complex, represented by the substantially better binding constants. The relatively small S4 binding site of HIV-1 PR has already been suggested as the reason for better binding of acetyl-pepstatin compared with pepstatin A [13] .
The mode of binding of two inhibitor molecules resembles the previously reported case of binding of the inhibitor SB203386 to SIV PR [23] . Binding modes are quite similar in the case of SIV and XMRV PRs, with the catalytic water molecules still present between the catalytic aspartates. However, in the case of SIV PR the binding stoichiometry was found to be one inhibitor molecule ⁄ protease dimer using titration calorimetry, and significantly higher B factors were obtained for the inhibitors compared with the protein.
In the case of pepstatin A and acetyl-pepstatin binding to XMRV PR the inhibitor B factors are comparable (or lower) than for the protein (Table 4) , indirectly suggesting the presence of more than one molecule bound in this mode to each dimer of the enzyme.
The stability of the dimer was also assessed by measuring urea denaturation, as well as by measuring the K d value for dimer stability. Both the UD 50 and the K d values for XMRV PR suggested a substantially weaker dimer stability compared with that of HIV-1 PR. These results, together with previous findings, suggest unique characteristics for the HIV-1 (and other primate lentiviral) PRs: as a consequence of rapid, massive evolution due to the high number of progeny virus production and replication through RNA intermediates these viral PRs evolved to acquire not only unique specificity among the retroviral PRs [7] but also exceptionally high dimer stability.
Materials and methods

Determination of the inhibition constants
XMRV PR used in kinetic studies and crystal structure determination was expressed and purified following the previously described procedures [8, 24] . Recombinant XMRV PR engineered with an N-terminal, non-cleavable 6-His purification tag was expressed in Escherichia coli and purified on a nickel affinity column. The resulting polypeptide consisted of 132 amino acids (initial Met, His 6 and the complete 125-residue-long PR). Purified HIV-1 PR, containing stabilizing mutations (Q7K, L33I, L63I, C67A and C95A), was prepared as described previously [24] . PR stock solutions were diluted with 20 mM Pipes, pH 7.0, containing 100 mM NaCl, 10% glycerol and 0.5% NP-40. Activity of XMRV PR was measured with an HPLC-based assay as described previously [15] . For the determination of K i values, the PR assays were initiated by mixing 5 lL of PR, 10 lL buffer (0.5 M potassium phosphate, pH 5.6, containing 10% glycerol, 10 mM dithiothreitol, 4 M NaCl), 4.8 lL 0.17 mM (final concentration) RSLLYflPALTP (XMRV PR) or 0.27 mM (final concentration) VSQNYflPIVQ (HIV-1 PR) and 0.2 lL inhibitor in dimethylsulfoxide or dimethylsulfoxide alone. The reaction mixture was incubated at 37°C for 1 h and terminated by the addition of 180 lL 1% trifluoroacetic acid. Enzyme concentration in the assay was selected to cause < 20% substrate hydrolysis. Separation of cleavage products with reversed-phase chromatography was performed as described previously [15] . The K i values were obtained from the IC 50 values determined from the inhibitor dose-response curves using the equation
where [E] and [S] are the PR and substrate concentrations, respectively. The exact amount of active PRs in the preparations used for kinetic measurements was determined by active center titration with amprenavir, using the HPLC method. Kinetic parameters were determined by fitting the data to the Michaelis-Menten equation using Enzyme Kinetics Module 1.1 of SIGMAPLOT 8.0 (Systat Software Inc., Point Richmond, CA, USA).
Determination of the apparent K d value and the urea dissociation constant (UD 50 ) of XMRV and HIV-1 PRs
The apparent K d values for the dimers were studied essentially as described previously [25] . Specific activity values were measured in duplicate as a function of dimeric enzyme concentration in 100 mM sodium acetate buffer pH 5.0, containing 100 mM Mes, 200 mM Tris, 2 M NaCl, using KARVNleflF(NO 2 )EAL-NH 2 chromogenic substrate (0.3 mM final concentration). Samples were incubated for 20 min at 37°C and subjected to HPLC analysis as described above. The dimerization constant (K dapp ) was obtained by plotting the relative specific activity values against the PR concentrations and fitting a curve using the 'Hyperbola single rectangular 2 parameters equation' setting of the SIGMAPLOT 8.0 software. To assay the urea denaturation, PR activity was measured with increasing concentration of urea (0-4.0 M) at a final concentration of 34 nM XMRV or 5.5 nM HIV-1 PR, and 0.3 mM substrate concentration. The UC 50 values for half-maximal velocity were obtained by plotting the relative specific activity values against the urea concentrations and fitting a curve using the 'Hill 3 parameters equation' setting of the SIGMAPLOT 8.0 software (Fig. 7) .
Cleavage of recombinant MLV Gag fragment by XMRV PR
Recombinant MLV Gag fragment (0.9 lM MLVGagD2) [26] was incubated in 75 mM phosphate buffer, pH 5.6, 0.5 mM EDTA, for 1 h at 37°C without XMRV PR or with XMRV PR (30 nM) in the absence and presence of acetyl-pepstatin (3.0 lM) or pepstatin A (28.8 lM). Reactions were stopped by the addition of loading buffer and subjected to SDS ⁄ PAGE, followed by staining with Coomassie Brilliant Blue. Protein ladder (Fermentas, SM 0431) was used to determine the molecular mass of protein fragments.
Molecular modeling
Structure-based multiple sequence alignment of HIV-1, MLV and XMRV PR sequences was performed as described previously [18] . Crystal structures of HIV-1 PR complexed with acetyl-pepstatin (PDB ID: 5HVP) [13] and XMRV PR complexed with pepstatin A (PDB ID: 3SM1) [15] were used for building up the 3D structures of HIV-1 and XMRV PRs complexed with one or two pepstatin A and acetyl-pepstatin inhibitor molecules, using the SYBYL program package (Tripos Inc., St Louis, MO, USA). Initial structures of enzyme-inhibitor complexes were generated by merging the inhibitor molecule(s) into the active site. Water molecules present in the crystal structures were involved in the calculations; only water molecules bumping into the modeled inhibitors were removed. In the case of binding of a single inhibitor molecule the catalytic water molecule was removed and replaced by the hydroxyl group of the central statine residue. The catalytic water was left in place in the case of binding of two inhibitor molecules. Inhibitor positions were refined by a short minimization procedure using SYBYL (500 Powell iterations, dielectric constant 4, AMBER7_FF99 force field). The enzyme-inhibitor complexes were further energy minimized without any fixed atoms by SYBYL (AMBER7_FF99 force field, nonbonded cutoff 8 Å , 500 Powell iterations and dielectric constant 4). Interaction energies between the enzyme and the residues of inhibitor molecules were calculated for each substrate binding site. Calculations and molecular visualizations were performed on Silicon Graphics Fuel workstations (Silicon Graphics International, Fremont, CA, USA).
Determination of the crystal structure of XMRV PR complexed with acetyl-pepstatin Before addition of the inhibitor for crystallization, the XMRV PR sample buffer was changed to 20 mM sodium citrate, pH 5.5, also containing 0.2 M NaCl, and the protein was concentrated to 6 mgAEmL )1 . Acetyl-pepstatin was added at a 4 : 1 PR (monomer) to inhibitor molar ratio.
Crystallization was carried out using the hanging-drop vapor diffusion method. Each drop contained 4 lL of the complex sample mixed with 2 lL of well solution and was equilibrated with 500 lL of the latter. The well solution contained 3.5 M sodium formate, pH 5.5. The crystals grew slowly, taking over a month to reach a size of 0.05 · 0.05 · 0.2 mm. Diffraction data extending to 2.0 Å resolution were collected on the SER-CAT beamline 22-ID at the Advanced Photon Source (APS) using a MAR300CCD detector. The crystal was cryoprotected before rapid freezing and diffraction intensities were measured at 100 K in a single pass at 2 sAEdeg )1
. Data were indexed, integrated and scaled with the HKL2000 package [27] . The structure was solved by molecular replacement with PHASER [28] using a monomer of XMRV PR (3NR6) as a search model. The structure was refined with REFMAC5 [29] and rebuilt with COOT [30] . The final coordinates have been submitted to the Protein Data Bank (PDB ID: 4EXH).
